The human glycine receptor subunit a3 exists in two splice variants (a3K/L), with a3L bearing an additional segment of 15 amino acids within the cytoplasmic TM3-4 loop. Homomeric a3K glycine receptors show faster desensitization than a3L receptors. Ion channel properties were compared of a3L, a3K, and of the triple mutant a3L et al. 1998). Contained within this alternatively spliced region are three hydroxylated amino acids: T358, Y367 and S370. These reside close to positively charged amino acids, thus generating phosphorylation consensus sites. Functionally, the splice variants a3K and a3L show differences in desensitization, defined as the rate and extent of decay of whole-cell current in the continued presence of agonist. In contrast, apparent ligand affinity was unaffected by the presence or absence of the alternatively spliced motif (Nikolic et al. 1998) . Alternative splicing in the homologous position also exists in the rat glycine receptor subunit variant [a1(ins)], where a segment of eight amino acid residues is present in or absent from the long TM3-4 loop of the mature glycine receptor a1 subunit protein (Malosio et al. 1991) . In this case, however, no functional differences between the splice variants were found, in contrast to the a3 subunits (Nikolic et al. 1998 ).
The glycine receptor is a ligand gated ion channel, which is predominantly expressed in mammalian spinal cord and brainstem where it controls inhibitory synaptic transmission (Betz et al. 1999) . To date, four ligand-binding subunits (a1-4) as well as one structural b-subunit have been identified (Kuhse et al. 1995; Becker and Langosch 1997; Breitinger and Becker 1998) . Glycine receptor subunits from mammals (Betz 1991) , chick (Harvey et al. 2000) and, more recently, zebrafish (Imboden et al. 2001) have been identified, showing high degrees (> 95%) of interspecies homology (Becker et al. 2000) . In the human, alternative splicing of glycine receptor a3 subunit transcripts generates two protein variants, a3K and a3L, where the a3L splice variant bears an additional segment of 15 amino acids within the long cytoplasmic TM3-4 loop (Nikolic et al. 1998) . Contained within this alternatively spliced region are three hydroxylated amino acids: T358, Y367 and S370. These reside close to positively charged amino acids, thus generating phosphorylation consensus sites. Functionally, the splice variants a3K and a3L show differences in desensitization, defined as the rate and extent of decay of whole-cell current in the continued presence of agonist. In contrast, apparent ligand affinity was unaffected by the presence or absence of the alternatively spliced motif (Nikolic et al. 1998) . Alternative splicing in the homologous position also exists in the rat glycine receptor subunit variant [a1(ins)], where a segment of eight amino acid residues is present in or absent from the long TM3-4 loop of the mature glycine receptor a1 subunit protein (Malosio et al. 1991) . In this case, however, no functional differences between the splice variants were found, in contrast to the a3 subunits (Nikolic et al. 1998) .
Here, a triple mutant, a3L DOH ¼ a3L(T358A/Y367F/ S370A), where the hydroxylated residues were replaced by hydrocarbon analogues (Fig. 1a) , was generated using sitedirected mutagenesis. Electrophysiological analysis showed a contribution of these hydroxyl functions to the regulation of receptor channel desensitization, identifying a modulatory protein domain within the intracellular TM3-4 loop of the receptor.
Materials and methods

Site-directed mutagenesis
The splice variants a3L and a3K have previously been isolated in our laboratory (Nikolic et al. 1998) . The triple mutant a3L DOH was generated by an extension overlap polymerase chain reactioin (PCR) protocol (Higuchi et al. 1988; Breitinger et al. 2001) , followed by religation of the mutated subunit into the expression vector pRK 5.
Cell culture, transfection, protein expression HEK 293 cells were cultured and transfected as described. Cells were routinely used for experiments 1-3 days after transfection. Western blot analysis of membrane fractions from HEK 293 cells transfected with GlyR a3 subunit cDNA was carried out using the pan-a antibody mAb4a, followed by reaction with the Cy5-coupled goat anti-mouse secondary antibody gdMIgG-Cy5 (Dianova, Hamburg, Germany). Finally, the blot was visualised on a Storm 860 Fluoroimager (Molecular Dynamics, Krefeld, Germany) .
Electrophysiological recordings and data analysis
Whole-cell currents were recorded using a HEKA EPC9 amplifier (HEKA Electronics, Lambrecht, Germany) controlled by Pulse software (HEKA Electronics) on a PC. Recording pipettes were pulled from borosilicate glass (World Precision Instruments, Berlin, Germany) using a Sutter P-97 horizontal puller. Ligand application using a U-tube gave a time resolution of 20-30 ms. The external buffer consisted of NaCl 137 mM, KCl 5.4 mM, CaCl 2 1.8 mM, MgCl 2 1.0 mM, Hepes 5.0 mM, pH adjusted to 7.2 with NaOH; the internal buffer was CsCl 120 mM, N(Et) 4 Cl 20 mM, CaCl 2 1.0 mM, MgCl 2 2.0 mM, EGTA 11 mM, HEPES 10 mM, pH adjusted to 7.2 with CsOH. Current responses were measured at room temperature of 21-23°C, the holding potential was ) 60 mV. Responses to the saturating concentration of 2 mM glycine were used for calibration of dose-response data and for desensitization analysis. For singlechannel recordings, outside-out patches were superfused with glycine (2 and 5 lM for a3K, 5 and 10 lM for a3L and a3L DOH ).
Single-channel currents were recorded at a sampling rate of 10 kHz and stored using HEKA pulse software (HEKA electronics). For analysis, current traces were refiltered at 2 kHz using Microcal Origin (Additive, Friedrichsdorf, Germany), converted to Axon format using Axoscope (Axon Instruments, Union City, CA, USA) and all-point current histograms constructed using Fetchan from the pClamp6 suite (Axon). Gaussian distributions were fitted to the histograms (Microcal Origin) and the main state transition (> 60 pS) was plotted at various voltages to estimate the single channel conductance for each subunit. Two patches from different batches of HEK 293 cells were analysed; in the case of a3L, data from one patch are plotted (Fig. 3 ), a second patch at asymmetric Cl -gave a slope conductance in the range ) 60 to )20 mV of approximately 65 pS (not shown). Note that only the main conductance state of each subunit was analysed. Dose-response curves were constructed from the maximum whole-cell current amplitudes obtained with at least seven appropriately spaced glycine concentrations. Current amplitudes were determined using Pulse software (HEKA Electronics), doseresponse curves were calculated by a non-linear fitting routine using the program Origin. Data were fit to the Hill equation
; where I glycine is the current amplitude to a given glycine concentration, I sat is the current amplitude at saturating concentrations of glycine, EC 50 is the glycine concentration producing half-maximal current responses, and n is the Hill coefficient. Currents from individual cells were normalized to the maximum response at saturating glycine concentrations. EC 50 and n were determined for each cell separately. Means from all cells used for dose-response analysis are given in Table 1 and were used to compute the curves in Fig. 2 
(b).
For desensitization analysis, whole-cell current traces were transferred to Microcal Origin (Additive), and the decaying current phase was analysed using a single or double exponential function plus a constant: I obs ¼ I 1 Ã e ðÀt=s1Þ þ I 2 Ã e ðÀt=s2Þ þ I const :
A double exponential time course was only observed for a3L receptor channels, for the other constructs, a single exponential decay plus a constant current term were sufficient to describe desensitization behaviour. Functional constants of the subunits were compared using oneway analysis of variance (ANOVA, Microcal Origin). A probability of error of p < 0.05 was considered significant.
Results
To investigate the effect of OH groups within the alternatively spliced region of human a3 glycine receptor subunits on ion channel properties, the construct a3L DOH ¼ a3L(T358A/ Y367F/S370A), was generated. Here, hydroxylated residues had been replaced by hydrocarbon analogues, using primer extension mutagenesis (Fig. 1a) .
All three subunit variants, a3K, a3L and a3L DOH , were expressed in HEK 293 cells. As evident from western blot analysis of membrane fractions from transfected cells, expression and processing of the GlyR a3 protein was not detectably affected by structural changes within the alternatively spliced region (Fig. 1b) . Whole-cell current responses of similar magnitude could be recorded from all three subunits ( Fig. 2a and Table 1 ). The concentration-dependence of whole-cell current amplitudes ( Fig. 2b and Table 1) gave similar values for the Hill coefficient, while EC 50 values varied by a factor of 2.5. Only the differences of EC 50 for a3K (24 ± 5 lM) compared to the other two subunits were statistically significant ( p ¼ 0.05; Fig. 5c ). No significance ( p > 0.1) was found for the difference in EC 50 between a3L (41 ± 7 lM) and a3L DOH (59 ± 16 lM). Single-channel properties of the three subunits were compared in outside-out patch recordings. Over the range from ) 60 mV to + 40 mV, the current-voltage relationship was linear for all three subunits (Fig. 3 and Table 1 ). Main state single-channel conductances were 63 ± 3 pS, 69 ± 2 pS, and 72 ± 3 pS for a3L, a3K and a3L DOH receptors, respectively. Subconductance states were observed for all subunits (Fig. 3) , but not further analysed. Slope conductances measured from cell-attached patches were also similar for a3L, a3K and a3L DOH (data not shown). In contrast, receptor desensitization was affected by the presence, absence, or structural modification of the alternatively spliced insert. Desensitization of whole-cell current responses to saturating concentrations of glycine (2 mM) was most rapid for the a3K splice variant (s ¼ 1.9 ± 2.3 s), the amplitude associated with the non-desensitizing current fraction was approximately 21% (Figs 4 and 5 and Table 2 ). In case of the a3L subunit, 68% of the total current was nondesensitizing, and desensitization was slow (s ¼ 8.4 ± 2.8 s, 23% of current amplitude). An additional fast current phase (s ¼ 0.6 ± 0.4 s), which accounted for less than 10% of the total current, was observed in seven out of 10 cells (Figs 4  and 5 and Table 2 ). These observations are in agreement with previously determined functional properties of a3K and a3L receptors (Nikolic et al. 1998) . The triple mutant a3L DOH , which contains the insert, but no hydroxyl functions, showed monoexponential desensitization, the rate and extent of which (s ¼ 2.8 ± 0.4 s, 52%) was between that of the a3K Table 2 ). Differences in the fraction of non-desensitizing current (i.e. the extent of desensitization) were statistically significant between all subunits ( p < 0.04). a3L was set apart from a3K and a3L DOH by two characteristics: (i) slower time course of desensitization and (ii) the presence of a fast desensitizing current phase.
The most reliable characteristic to distinguish between the three receptor variants was the steady-state current amplitude (Fig. 5a) . Removal of hydroxyl functions resulted in a significant increase in the desensitization rate, which was similar for a3K and a3L DOH (Fig. 5b) . The mutant a3L DOH was similar to a3K in its rate and single exponential time course of desensitization ( Fig. 5b) , while resembling a3L with respect to EC 50 (Fig. 5c) . The hydroxyl functions of T358, Y367 and S370 were thus identified as important, but not exclusive, regulators of receptor desensitization.
Discussion
Two splice variants of the human glycine receptor a3 subunit, characterized by the absence or presence of an alternatively spliced region of 15 residues within the intracellular TM3-4 loop have previously been identified. Whole-cell recording revealed differences in receptor desensitization between the two splice variants (Nikolic et al. 1998) . Three hydroxylated residues, forming potential phosphorylation consensus sites, are located within the 15-residue insert. The effect of hydroxyl groups on receptor ion channel function was assessed by comparing the electrophysiological properties of the wild-type splice variants a3L and a3K (lacking the insert), and the construct a3L DOH ¼ a3L(T358A/Y367F/ S370A), where the hydroxylated residues had been replaced by structurally related hydrocarbon analogues.
Protein expression, as assessed by western blotting (Fig. 1) , and maximum whole-cell current amplitudes were not different between the three constructs (Fig. 2) . Doseresponse analysis gave similar Hill coefficients for all subunits (Table 1) . EC 50 values were not significantly different between a3L and a3L DOH , while the difference between these two constructs and a3K (2.5-fold) was statistically significant (Fig. 5c, Table 1) . A difference in EC 50 by a factor of 2.5 may be of limited functional relevance; however, according to this parameter, a3K would be distinguished from the two constructs containing the spliced insert. Single-channel recordings from outside-out patches showed linear current-voltage relationships and similar main state conductance for all three constructs (Fig. 3) . Like the macroscopic functional parameters obtained from whole-cell recordings, single-channel properties were not affected by structural differences between the subunit variants (Fig. 3) . The main conductance level we observed (63-72 pS) was lower than that of 105 pS reported for homomeric rat a3 receptors in HEK 293 cells (Bormann et al. 1993) . Differences to reported values may be due to the fact that human and not rat subunits were investigated here. Furthermore, the modulatory background in our HEK cell line may have affected the absolute value of channel conductance. Note, however, that under our experimental conditions all three constructs exhibited similar single-channel properties.
In contrast to similar dose-response and single-channel properties, the a3 receptor variants investigated here showed clear differences with respect to extent and time course of desensitization. The decaying phase of the whole-cell current could be described by an exponentially decaying current phase plus a constant (i.e. non-desensitizing) current term. The fraction of non-desensitizing current (Figs 4 and 5a) gave the clearest distinction between the three constructs: a3L had 68% non-desensitizing current, compared to 21% DOH , while a3L desensitized slower. Furthermore, seven of 10 cells transfected with the a3L construct showed a double exponential time course of desensitization, where an additional fast component contributed approximately 10% of the total current amplitude. In this respect, a3L was set apart from the other constructs: presence or absence of the hydroxyl functions was sufficient to affect the rate of receptor desensitization.
The alternatively spliced region of the glycine receptor a3 subunit was shown to be involved in the regulation of glycine receptor desensitization. Extent and time course of wholecell current decay suggested that the hydroxyl functions within this insert were important, but not exclusive regulators of receptor channel inactivation. Removal of the hydroxyl groups alone had less effect on the EC 50 of receptor activation by glycine than removal of the entire spliced insert. In structural terms, alternative splicing could result in a conformational change, altering the overall positioning of different protein domains. This rearrangement would then favour the transition towards the desensitized state, as was observed for the glycine receptor mutant a1(P250T) (Saul et al. 1999; Breitinger et al. 2001) . However, EC 50 -reflecting both glycine affinity and channel gating (Breitinger 2001; Colquhoun 1998 ) -is much less susceptible to removal of hydroxyl groups than the desensitization rate (Figs 5b and c) , arguing against conformational changes as the only regulatory mechanism.
Alternatively, desensitization may involve a direct interaction between parts of the TM3-4 loop and neighbouring receptor subunits. The observation that removal of OH-groups within the insert resulted in a receptor with intermediate desensitization characteristics suggest that hydrogen bonds or other forces involving hydroxyl groups may be involved in this process. Furthermore, protein-protein interactions need not be intramolecular: modulation of glycine receptor function by a diffusible intracellular factor has been proposed from a detailed kinetic study (Fucile et al. 2000) . Both mechanisms would be sensitive to amino acid exchanges in the intracellular domains of the receptor.
The results presented here show that the alternatively spliced segment of 15 residues is involved in the functional regulation of human a3 glycine receptor variants. GlyR a3 splice variants possessed similar dose-response and singlechannel properties, while differing with respect to time course and extent of desensitization. Hydroxyl groups within this regulatory segment constitute one critical, but not the exclusive determinant of receptor desensitization. Thus, the mechanistically distinct and independent processes of ligand binding, gating and desensitization seem to be under the control of equally distinct and independent structural domains and interactions of the receptor protein.
